Gold nanoparticles (AuNPs) functionalized with thiolated DNA have enabled many studies in nanoscience. The strong thiol/gold affinity and the nanoscale curvature of AuNPs allow the attached DNA to adapt an upright conformation favourable for hybridization. Recently, it has been shown that non-thiolated DNA can also be attached via DNA base adsorption. Without a thiol label, both ends of the DNA and even internal bases could be adsorbed, decreasing the specificity of subsequent molecular recognition reactions. In this work, we employed a modular sequence design approach to systematically study the effect of DNA sequence on adsorption polarity. A block of poly-adenine (poly-A) could be used to achieve a high density of DNA attachment. When the poly-A block length is short (e.g. below 5-7), the loading was independent of the block length and the conjugate cannot hybridize to its cDNA effectively, suggesting a random attachment controlled by adsorption kinetics.
Introduction
DNA-functionalized gold nanoparticles (AuNPs) have been one of the most often used reagents in nanobiotechnology since 1996, 1, 2 where the physical properties of AuNPs are coupled to the structural and chemical properties of DNA. For example, the color of AuNPs is changed from red to blue upon DNA-directed assembly due to the coupling of their surface plasmon, popularizing applications in colorimetric sensing. [3] [4] [5] [6] At the same time, many fundamental insights have been obtained using this hybrid material. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] To enable these applications, the first step is DNA attachment and there are two main approaches to achieve this. This field started with thiolated DNA, where a very high DNA density can be immobilized. 1, 2 This is partially due to the nanoscale curvature that allows packing of more DNA. 9 Thiolated DNA may serve as its own blocking agent to ensure that the immobilized DNAs are mainly in an upright conformation. This is in contrast to DNA-functionalized planar gold surfaces, where short-chain alkylthiols are often required to block the surface to avoid non-specific DNA base adsorption. 19 Such a dense DNA layer also helps maintain an excellent colloidal stability of the AuNPs.
The conformation of DNA on AuNPs has been extensively studied using dynamic light scattering and gel electrophoresis. 17, [20] [21] [22] In 2004, non-thiolated DNA was found to protect AuNPs against salt-induced aggregation as long as the DNA is single-stranded, short and unfolded, 23, 24 suggesting the adsorption of non-thiolated DNA. This adsorption process has been extensively studied and in general the DNA loading capacity is much lower than that can be achieved by thiolated DNA, suggesting a model of DNA wrapping around the AuNPs. 15, [25] [26] [27] Since the interaction between DNA bases and gold is much stronger than that with the complementary DNA (cDNA), adsorbed DNA might lose its molecular recognition function. This might explain why very few reports use desorption of adsorbed non-thiolated DNA for designing biosensors. Ideally, non-thiolated DNA should adopt an upright conformation just like the thiolated counterpart to achieve molecular recognition. Very recently, this goal has been achieved in two independent reports. 28, 29 Fan and co-workers used the traditional 'salt-aging' method to incubate DNA containing a poly-adenine (poly-A) sequence at around neutral pH over ~3 days. 28 It was suggested that the poly-adenine fragment was adsorbed while the rest of the sequences were in the upright conformation. Alternatively, we reported that at pH 3, a short incubation of a few minutes was sufficient. 29 This is due to the protonation of DNA bases at low pH. 10 With either method, the resulting conjugate shares similar functions and properties as the thiolated counterpart, such as good colloidal stability and sharp melting transition of DNA-linked AuNP assemblies.
Studying non-thiolated DNA is important for several reasons. First, the cost of DNA synthesis can be reduced by more than 90% since it is quite expensive to add a thiol label. Second, the fundamental understanding of the interaction between DNA and gold can be further increased. Finally, new applications may be derived from this hybrid material including biosensor development, [30] [31] [32] [33] [34] [35] [36] [37] control of enzymatic reaction, [37] [38] [39] nanoparticle synthesis, 40, 41 and medicine. 40, 42 The adsorption energy for a thiol label to Au is ~160 kJ/mol while the adsorption energy for a DNA nucleotide to Au is around 100-120 kJ/mol, where A and C adsorb more strongly than T. [43] [44] [45] [46] Therefore, for a thiolated DNA, the thiol end is more likely to be adsorbed than the non-labeled end. However, for non-thiolated DNA, both the 3 and the 5-end and even internal bases might be adsorbed. A critical question to be answered is thus how to control the polarity of non-thiolated DNA adsorption. Since adenine is adsorbed with a higher affinity than thymine, a straightforward method is to make one end poly-A and the other end thymine rich. 28, 29 Recent studies have confirmed the high stability and functionality of such non-thiolated DNA/AuNP conjugates. 28, 29 While this design concept is appealing, a few further questions remain to be addressed. For example, the optimal number of adenine and its affect on DNA loading capacity need to be determined. In addition, what if the intended non-adsorbing end contains bases other than T? Finally, what if a DNA sequence has to be rich in adenine in both ends? This paper aims to address these problems by modular and rational design of DNA sequences. NaCl. To facilitate duplex formation, the mixture was heated to 90 C for 2 min, cooled to room temperature in 30 min and then incubated at 4 C for 2 hrs. Prior to adding the ds-DNA into AuNPs in a molar ratio of 100:1, the AuNPs were dispersed in 2.5% PEG 20,000 and then 180 mM NaCl was added. The DNA-AuNP mixture was incubated overnight at room temperature for DNA attachment.
Materials and Methods

Chemicals
The free DNAs were removed by rinsing with HEPES buffer (5 mM) and then with Milli-Q water via centrifugation. The cDNA was dissociated by 2 hr incubation in the presence of 60 mM NaOH (pH 11).
Afterwards, the functionalized AuNPs were rinsed twice and re-dispersed in 5 mM HEPES for use. For measuring the hybridization efficiency (defined by the ratio of number of hybridized DNA29 to that of the immobilized DNA40), DNA40-functionalized AuNP was hybridized with DNA29 in the ratio of 1:50 in 200 mM NaCl over 24 hrs at room temperature. The free DNA29 was removed by centrifugation at 15,000 rpm in 4 C. De-hybridization was performed by 2 hr incubation in 60 mM NaOH. The supernatant after centrifugation was collected and neutralized with 500 mM HEPES buffer (pH 7.6) before measuring fluorescence with the plate reader.
Results and Discussion
Intrinsic polarity preference of non-thiolated DNA adsorption. For thiolated DNA, it is generally accepted that DNA adsorption occurs via the thiol ( Figure 1A ). For non-thiolated DNA, an interesting question is whether there is an intrinsic preference for a DNA to be adsorbed via the 3 or 5-end. From the structural standpoint, DNA bases are not shielded on either end and there is unlikely to be a difference. To test this, we measured the adsorption capacity of a number of 15-mer DNAs using the low pH DNA loading method. Compared to DNA loading at neutral pH taking a few days, 28 a few minutes are sufficient to attach DNA to AuNPs at pH 3. 10, 29 Two sets of DNA sequences were designed with the middle 13 nucleotides being A13 or C13, respectively. For each set of DNA, the two ends were A or T, yielding a total of four sequences in each set. The adsorbed DNA was quantified using SYBR Green I as a staining dye. We found that significantly more DNA was adsorbed when both ends were A than T (Figure 2 ). However, there was little difference when A and T were both present, regardless of whether A is on the 3 or 5 end. This experiment confirms the lack of intrinsic preference for either end of DNA, and polarity control might be realized by adjusting the DNA sequence. One way to achieve adsorption polarity control is to intentionally place a poly-A block to serve as an anchor on AuNPs (e.g. a replacement of the thiol functionality) and T on the other end to encourage an upright conformation.
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Because of its high affinity, the poly-A anchor might displace DNA adsorption via the T end. 28 Next we studied the length of the poly-A block. Effect of poly-A length. To systematically optimize DNA sequence we employed a modular design ( Figure 1D ). The head sequence is poly-A or poly-C since they have a high affinity towards gold surfaces. Following the poly-A/C block, there is an optional poly-T space, which may discourage the next module (i.e. sequence for hybridization) from interacting with the gold surface. We chose to use a 12-nucleotide hybridization sequence since this is a commonly used probe length. Finally, the tail module may contain a few thymines or guanines as a cap to favour adsorption from the poly-A end. were used for (A) and DNA10 to 18 for (B). Note that 100 DNA per AuNP (13 nm diameter) equals to 18.8  10 12 DNA/cm 2 of gold surface.
We first varied the number of adenine bases in the tail from 0 to 20 (Table 1 , DNA ID=1-9). As shown in Figure 3A , a similar loading of ~90 DNA per AuNP was observed from 0A to 7A. Fan and co-workers reported that the loading of poly-A DNA at neutral pH was a function of DNA length, and longer DNA has a lower capacity but the overall adenine number remained roughly the same (e.g. ~400 adenine per 13 nm AuNP), suggesting that every adenine nucleotide in the poly-A block was adsorbed onto the AuNP. 28 In our low pH case, however, from 0 to 7 adenines, the number of adenine has little effect on the loading capacity, suggesting that only the terminal one or a few bases are responsible for DNA adsorption. With even longer adenine spacer, the adsorption capacity clearly showed an adenine length-dependent decrease as reported by Fan. Therefore, our result indicates two interaction regions corresponding to the poly-A length. When the adenine number is below 7, it appears that end adsorption via one or a few bases is a good description, but beyond that full adenine adsorption might be more appropriate. From the thermodynamic perspective, it is more likely that adsorption takes place through all the adenines in the poly-A block to take the multivalent advantage. But at low pH, the kinetics is so fast that it may dominate the adsorption process when the poly-A block is short.
Many previous assays indicated that in addition to adenine, cytosine can also be tightly adsorbed by gold. [43] [44] [45] [46] Thus, poly-C might also serve as an anchoring block. Herein we measured the DNA loading capacity as a function of the length of poly-C ( Figure 3B ). A similar trend was observed, where the DNA loading was quite independent of the number of cytosine when the block length was shorter than five while decreased loading was observed with longer cytosine blocks.
Comparison of pH effect. Since non-thiolated DNA can be adsorbed either at pH 3 for a few minutes or at neutral pH with NaCl for a few days. A systematic comparison of these two methods might provide important mechanistic insights. Towards this goal, we followed the loading of DNA19 with a 9-adenine block as a function of time. When the DNA was loaded at pH 3, the initial capacity was high (~90 per AuNP, Figure 4A ). After the first a few minutes to load the DNA, the pH was adjusted to 7.
The adsorbed DNA was quantified at designated time points for more than 3 days. In the initial a few hours the loading was quite stable, but after ~20 hrs the loading was decreased to ~50 DNA per AuNPs.
The loading remained as such for the next 2 to 3 days, suggesting that a thermodynamically stable state was reached. On the other hand, using the salt aging method at pH 7, the initial capacity was very low.
A final concentration of 100 mM NaCl was added at 16 hr, when a significant increase in the loading was observed. Saturated adsorption was achieved in ~ 2 days. After that, the capacity of these two conditions converged, suggesting both reached a similar equilibrium state. The schemes of DNA adsorption under these two conditions are shown in Figure 4B .
Combined with the above poly-A length-dependent adsorption capacity, we reason that when the poly-A block is short (e.g. below 7 adenines), the multivalent effect is not pronounced under the fast adsorption kinetics condition at pH 3 and the DNA might be adsorbed via a wide range of conformations. When the poly-A block is long (e.g. more than 7 adenines), they can quickly be adsorbed via the A block and displace the other low affinity nucleotides, resulting in a much lower adsorption capacity. It needs to be noted that the critical poly-A length is based on the 12-mer hybridization sequence; it is likely that the critical poly-A length will increase for longer hybridization sequences. Note that the pH 3 sample was incubated at pH 3 for only 3 min before it was adjusted back to neutral pH. For the pH 7 sample, 100 mM NaCl was added at 16 hr. (B) Schematics of non-thiolated DNA adsorption by salt aging at neutral pH or by the low pH method. The blue block represents poly-A and the green part is intended to be in an upright conformation for further hybridization reactions.
DNA-directed assembly. DNA adsorption polarity is particularly important for DNA-directed assembly. When AuNPs are assembled by linker DNA, there is a shift in the surface plasmon band that can be monitored using UV-vis spectroscopy. Unmodified AuNPs have a sharp peak at 520 nm ( Figure   5A , black spectrum). In the absence of linker DNA, AuNPs functionalized with non-thiolated DNA20 with a 9-adenine block have a similar shape, suggesting that the AuNPs were quite stable even after incubating in 150 mM NaCl overnight. With linker (DNA22, Table 1 ) and AuNPs functionalized with DNA21, the 520 nm peak decreased intensity while the 650 nm region increased. Therefore, the ratio of extinction at 520 nm over 650 nm was used to quantify the aggregation state. Dispersed AuNPs have 13 a high ratio of ~12 while aggregated AuNPs are much lower. We compared all the samples with different non-thiolated DNA (DNA23-28) with and without linker DNA ( Figure 5B ). As long as the DNA contained more than 3 adenines, the stability of the AuNPs was very good since the samples without the linker DNA showed a high ratio. If the poly-A block was too short, the AuNPs aggregated even without linker DNA. With the linker DNA, all the samples showed a decrease in the extinction ratio, indicating formation of aggregated AuNPs. This experiment indicates the minimal poly-A block length to be 3 to 5 to achieve good DNA-directed assembly.
Next we measured the rate of hybridization using FAM-labeled cDNA (DNA29) so that the reaction kinetics can be followed using fluorescence quenching ( Figure 5C ). Compared to the DNAdirected assembly assays, this fluorescence assay is more stringent. For example, a few DNAs with the upright conformation can achieve the assembly, but to obtain a large fluorescence decrease, most DNA needs to be in the upright conformation. Interestingly, there is also a strong correlation between the poly-A length and hybridization kinetics. In general, a longer poly-A block gives faster hybridization.
When the adenine block is shorter than 5, the hybridization kinetics are very slow. This trend agrees with the AuNP aggregation assay in Figure 5B . When the poly-A length is greater than 12, no further increase of hybridization rate is observed. It is likely that a longer poly-A spacer produces more sparsely distributed DNA to facilitate hybridization. When the DNAs are sufficiently sparse, no further gain can be achieved. When the poly-A block is shorter than 5, a large fraction the DNA might be adsorbed via a non-optimal conformation despite the high capacity of such adsorbed DNA. The optimal adsorption conformation is achieved with more than 7 adenines, which also agrees with the capacity data in Figure 3A . In contrast to poly-A serving as an effective anchor on AuNP surfaces, it is intriguing to note that DNAs containing poly-C blocks are not functional for hybridization when they are immobilized on AuNPs ( Figure 5D ). They cannot perform DNA-directed assembly either (data not shown). The reason behind this observation is unclear at this point. The cap sequences. To encourage the hybridization sequence to take an upright conformation, it is logical to place a few nucleotides with low affinity to gold surface such as thymine as a cap. However, there is a possibility that a poly-T cap might interact with the poly-A anchor to form a stem-loop structure, complicating adsorption and subsequent hybridization reactions. The hypothesis was verified by investigating the loading capacity of DNAs with a 9-adenine anchor and various numbers of thymine from 0 to 9 as the cap (DNA30-34, Figure 6A ). The loading decreased with increasing number 15 of thymine, consistent with hairpin formation. The hybridization kinetics ( Figure 6C ) with the cDNA shows that 3 thymines are optimal. To minimize poly-T cap reacting with the poly-A block, we further evaluated poly-G caps. Figure 6B shows the change of DNA loading capacity as a function of poly-G length, where a longer poly-G cap reduces the loading capacity significantly. Meanwhile, the hybridization kinetics increase with more guanines. It is likely that more DNA was adsorbed via the poly-A end and there was little non-specific poly-G and poly-A interactions, favoring DNA into the upright conformation. Capping with ds-DNA. While the above modular design might work for most applications, it is quite easy to conceive exceptions. For example, it might be necessary to attach DNA sequences that cannot be capped by T or G rich ends. In one case, we found that adding a 9A block to one of the 12-mer hybridization sequences (DNA40, see Figure 7A ) cannot generate functional AuNP conjugates. There was no color change when linker DNA was added for DNA-directed assembly ( Figure 7B ) and fluorescence also failed to drop when a complementary FAM-labeled DNA was added ( Figure 7D , green line). The DNA loading capacity remains quite high for this sample, where more than 50 DNA per AuNP were attached ( Figure 7E , the last bar). A careful examination of the DNA sequence revealed that quite a few A and C are on the other end, despite the fact that the terminal base is a T ( Figure 7A ).
One way to solve this is to change the capping sequence to introduce more T and G (e.g. using DNA41-43), where DNA-directed assembly was indeed observed for all the sequences ( Figure 7C ).
If, however, the terminal sequences cannot be changed, other strategies need to be derived to control adsorption polarity. One way to achieve this is to block the end intended for hybridization with a cDNA to generate a poly-A overhang, upon which AuNPs will be attached ( Figure 1C) . In other words, the ds-DNA part serves as a non-adsorbing cap and this is likely to be a general method. To test this, we first hybridized DNA40 with DNA29 to form a 12-mer ds-DNA with a 9-adenine overhang.
Due to blocking of the DNA bases by the cDNA, adsorption could only take place via the poly-A block.
In the experiment, the AuNPs were pre-treated with 2.5% polyethylene glycol (PEG, molecular weight = 20,000) and then 150 mM NaCl. PEG was used to stabilize AuNPs against salt-induced aggregation while NaCl was used to stabilize the DNA duplex and to screen the charge repulsion between DNA and AuNPs for DNA attachment. 48 We did not use the low pH method since ds-DNA denatures at such low pH. After the conjugation, the cDNA was removed at pH 11.
The loading capacity of the probe DNA was measured ( Figure 7E ) and their hybridization efficiency to the cDNA was compared. The loading capacity using the ds-DNA method (40 ± 3 DNA/AuNP) is lower than that of using DNA40 alone (54 ± 4) or using the thiolated version DNA44
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(76 ± 5), attributable to the bulkiness of the ds-DNA compared to ss-DNA. Despite a lower loading capacity, the hybridization efficiency of AuNPs prepared using the ds-DNA approach (48% ± 6%) was much higher than that using the ss-DNA approach, approaching the efficiency of using the thiolated DNA (62% ± 5%, Figure 7D) . Therefore, the ds-DNA approach is effective for controlling the polarity of DNA adsorption. 
Conclusions.
In summary, we have systematically studied the effect of DNA sequence for non-thiolated DNA adsorption by AuNPs. There is no intrinsic preference for a DNA to be adsorbed on the 3 or 5-end, and such preference can be introduced by engineering DNA sequences. When a DNA with 12-mer hybridization sequence is terminated by a block of poly-A and if the poly-A length is longer than 5-7, the thermodynamic effect of poly-A being stronger binders takes effect, where the DNA is likely to be adsorbed via this block. If the poly-A block is too short (e.g. shorter than 3), DNA is likely to be adsorbed via many different conformations and the kinetic effect dominates. While poly-C can also bind AuNPs strongly with a similar length-dependent adsorption capacity, such DNA functionalized
AuNPs cannot be used to hybridize with the cDNA. The capping sequence can be a few T or G, where G seems to offer better hybridization kinetics. In addition to this modular design based on ss-DNA, a complementary strategy is to block part of the DNA intended for hybridization by forming a duplex so that the block intended for attaching to AuNPs can be exposed to improve adsorption polarity control.
